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We report incommensurate diffuse (ICD) scattering appearing in the high-temperature-
tetragonal (HTT) phase of La2−x(Sr,Ba)xCuO4 with 0.07 ≤ x ≤ 0.20 observed by the neutron
diffraction technique. For all compositions, a sharp superlattice peak of the low-temperature-
orthorhombic (LTO) structure is replaced by a pair of ICD peaks with the modulation vector
parallel to the CuO6 octahedral tilting direction, that is, the diagonal Cu-Cu direction of the
CuO2 plane, above the LTO-HTT transition temperature Ts. The temperature dependences of
the incommensurability δ for all samples scale approximately as T/Ts, while those of the inte-
grated intensity of the ICD peaks scale as (T−Ts)
−1. These observations together with absence
of ICD peaks in the non-superconducting x = 0.05 sample evince a universal incommensurate
lattice instability of hole-doped 214 cuprates in the superconducting regime.
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1. Introduction
After the discovery of the high-transition-temperature
(high-Tc) superconductivity, extensive efforts have been
made in this research field for almost two decades. Al-
though the mechanism of the Cooper pair formation in
the high-Tc systems still requires more clues to be prop-
erly understood, it is widely expected that the incom-
mensurate magnetic state is intimately related to the su-
perconductivity. In fact, neutron scattering experiments
for the hole-doped superconductor La2−xSrxCuO4 have
revealed incommensurate magnetic fluctuations1, 2 which
exists up to the critical hole concentration where the su-
perconductivity disappears.3 Such incommensurate mag-
netic fluctuations have been frequently ascribed to a dy-
namic microscopic phase separation into hole-free mag-
netic regions divided by hole-rich stripes,4–8 which may
suggest that the high-Tc systems are intrinsically unsta-
ble to stripe-like formation on fundamental lattices.
By x-ray scattering techniques, incommensurate dif-
fuse (ICD) peaks have been observed with modulation
vectors along the orthorhombic a- and b-axes, that is,
along the diagonal Cu-Cu direction of the CuO2 plane,
in the low-temperature-orthorhombic (LTO) phase of
La2−xSrxCuO4 and La2−xSrxNiO4.
9, 10 Later, a coex-
istence of two types of CuO6 octahedral tilt, one of
the LTO type and the other of the low-temperature-
tetragonal (LTT) type, have been reported by x-ray ab-
sorption fine structure (EXAFS) and x-ray absorption
near edge structure (XANES) measurements although
the average crystal structure is LTO.11, 12 From these re-
sults it has been hypothesized that a local LTT structure
exists in a stripe form in the LTO phase.
∗E-mail address: wakimoto.shuichi@jaea.go.jp
Similar to this, it has been reported that an LTO
type octahedral tilt also remains locally in the high-
temperature-tetragonal (HTT) phase in La2−xSrxCuO4
by EXAFS,13 nuclear magnetic resonance (NMR),14
and neutron diffraction.15, 16 By neutron measurements,
Kimura et al.16 have observed a local LTO-type distor-
tion in the HTT phase of La2−xSrxCuO4 with x = 0.12
and 0.18. The evidence for this is incommensurate dif-
fuse peaks at ((n ± δ)/2, (n ± δ)/2,m) (n:odd, m:even)
as shown by the open circles in Fig. 1(a). Note that in this
expression the incommensurability δ is equivalent to the
distance between the ICD peak and the LTO superlat-
tice position expressed in orthorhombic reciprocal lattice
units (r.l.u.). This modulation direction corresponds to,
again, the diagonal Cu-Cu direction. Moreover, the in-
commensurability δ for the two concentrations scales ap-
proximately as the normalized temperature T/Ts where
Ts is the LTO-HTT transition temperature. Recently, it
has been reported that no such incommensurate diffuse
feature can be detectable in the non-superconducting
x = 0.05 sample,17 suggesting a correlation between the
incommensurate structural instability and the supercon-
ductivity.
In the present paper, we report the observation of
incommensurate diffuse scattering in the HTT phase
studied by neutron diffraction using single crystals of
La2−x(Sr,Ba)xCuO4 with x = 0.07, 0.125, 0.15 and 0.20.
These samples cover a wide concentration range from
the underdoped to slightly overdoped regions. The in-
tent of these measurements is to understand the relation
between the structural instability and the superconduc-
tivity.
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Fig. 1. (a) Neutron scattering peak geometries for T > Ts (top)
and T < Ts (bottom). The closed square, open squares, and open
circles represent the nuclear Bragg peaks, superlattice peaks in
the LTO phase, and the incommensurate diffuse peaks, respec-
tively. (b) Temperature dependence of the superlattice peak in-
tensity measured at the (014) position in the LTO notation.
(c) Hole concentration dependence of the LTO-HTT transi-
tion temperature Ts. The open symbols are data referred from
refs 17, 20–23, while the closed symbols represent Ts of the
present samples which are derived by a linear extrapolation of the
temperature dependence of superlattice peak intensity to zero.
2. Experimental Details
Single crystals of La2−xSrxCuO4 (LSCO) with x =
0.07, 0.15, and 0.20 and La2−xBaxCuO4 (LBCO) with
x = 0.125 were grown by the traveling-solvent floating-
zone method.18, 19 All crystals underwent post-growth
anneal in an oxygen atmosphere to remove any oxygen
deficiencies. The typical sample size was 7 mm in diame-
ter and 30 mm in length. Neutron scattering experiments
were performed at the TOPAN thermal neutron triple-
axis spectrometer and the LTAS cold neutron triple axis
spectrometer at the Japan Atomic Energy Agency in
Tokai, Japan.
ICD peaks of LSCO with x = 0.15 and LBCO with
x = 0.125 were measured mainly at the (3/2, 3/2, 2) po-
sition using TOPAN with a collimation sequence of B-
60′-60′-B and an incident neutron energy Ei = 13.5 meV
(λ = 2.46 A˚), and those of LSCO with x = 0.07 and 0.20
were studied mainly at (1/2, 1/2, 4) using LTAS with
G-80′-80′-B and Ei = 5 meV (λ = 4.05 A˚). Pyrolytic
graphite and Be filters were utilized for the TOPAN and
the LTAS spectrometers, respectively, to remove neu-
trons with higher harmonic wave length (λ/2, λ/3, etc.).
All samples show a structural transition from the HTT
to the LTO structures. Figure 1(a) depicts the peak ge-
ometries in the reciprocal lattice above (top) and be-
low (bottom) the transition temperature Ts. In the LTO
phase (T < Ts), superlattice peaks appear at positions
such as (014) and (032) shown by the open squares. Note
that in the LTO phase the orthorhombic a- and b-axes
are superposed due to the twinned structure. As tem-
perature increases above Ts, the superlattice peak is re-
placed by weak incommensurate diffuse peaks as shown
by the open circles in Fig. 1(a) (Top). Figure 1(b) shows
the temperature dependence of the superlattice peak in-
tensity for all samples measured at the (014) position.
Ts is determined to be 359 K, 241 K, 180 K, and 80 K
for x = 0.07, 0.125, 0.15, and 0.20, respectively, by a lin-
ear extrapolation of the superlattice peak intensity to
zero. Those values are summarized in Fig. 1(c) together
with those for different concentrations reported previ-
ously.17, 20–23 It is shown that the present crystals have
Sr contents that vary systematically and are consistent
with the nominal compositions.
In the present paper, we utilize tetragonal notation to
express the Q positions of the incommensurate diffuse
peaks in the HTT phase. The tetragonal notation gives
a = 3.8 A˚ and c = 13.1 A˚, corresponding to reciprocal
lattice units a∗ = 1.65 A˚−1 and c∗ = 0.47 A˚−1, while
the orthorhombic reciprocal lattice unit is to a∗/
√
2 =
1.17 A˚−1.
3. Results
We have observed incommensurate diffuse peaks in the
HTT phase for all of the present crystals. Figure 2(a) is
a representative contour plot of the ICD peaks of LBCO
x = 0.125 measured at 315 K around the (1/2, 1/2, 4) po-
sition in theHHL scattering plane. As the ICD peaks are
observed clearly in the LBCO sample, the ICD feature in
the HTT phase appears to be common in the hole-doped
214 compounds. We have scanned along the [H-H0] direc-
tion at the ICD peak position by changing the tilt angle
of the sample. This scan indicates that the ICD peaks are
located primarily on the HHL plane, that is, the modu-
lation direction is the [HH0] direction which corresponds
to the diagonal Cu-Cu direction on the CuO2 plane.
To study the Q-dependence, we have measured the
ICD peaks in different zones. Figures 2(b) and 2(c) show
peak profiles at 450 K along the [HH0] direction at the
(3/2, 3/2, 2) and (1/2, 1/2, 4) positions, respectively.
We note that there is an intensity imbalance between
the ICD peaks, which increases as the temperature in-
creases. It is also notable that the intensity imbalance
alters between the (3/2, 3/2, 2) and (1/2, 1/2, 4) zones,
that is, the ICD peak at smaller H is higher in the for-
mer zone whereas that at larger H is higher in the lat-
ter. Those features are commonly observed in all of the
present samples.
The profiles in Figs. 2(b) and 2(c) have been fitted to
a resolution-convoluted two-dimensional (2D) Lorentzian
function
S(Q) = |F (Q)|2[ 1
1 + (q− qδ)2ξ2 +
α
1 + (q− q−δ)2ξ2 ],
(1)
where F (Q) is the structure factor, q±δ is the ICD peak
positions, ξ is the correlation length, and α is a factor to
compensate for the intensity imbalance. The spectrum
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Fig. 2. (a) Contour plot of the incommensurate diffuse peaks
around (1/2, 1/2, 4) of La1.875Ba0.125CuO4 measured at 315 K.
(b) and (c) show incommensurate peak profiles around
(3/2, 3/2, 2) and (1/2, 1/2, 4), respectively, measured at 450 K
along the [HHO] direction. The solid lines in (b) and (c) are the
results of fits to a resolution-convoluted 2D Lorentzian function
and adjusted background levels.
distribution along the energy transfer (ω) direction is as-
sumed to be well-concentrated at ω = 0, since, as shown
later, the ICD signal is consistently observed by using the
cold neutrons which give finer energy resolution. The fits
so-obtained are shown by the solid curves in Figs. 2(b)
and 2(c), where the background levels have also been
adjusted.
Figures 2(b) and 2(c) show larger diffuse intensity
in the (3/2, 3/2, 2) zone. From the fitting parameters,
we find the ratio of |F (Q)|2(1 + α), which corresponds
to the summation of the peak intensities, between
(3/2, 3/2, 2) and (1/2, 1/2, 4) to be 1.8. This value is con-
sistent with the ratio of |F (Q)|2 of the LTO superlat-
tice peaks at (032) and (014) in the orthorhombic no-
tation, |F (032)|2/|F (014)|2 = 1.96, suggesting that the
ICD peaks originate from the atomic displacements cor-
responding to the LTO type octahedral tilts.
We have studied the temperature dependence of the
ICD peaks. Figure 3(a) shows the temperature depen-
dence of the ICD peaks of the LSCO x = 0.20 sample
around (1/2, 1/2, 4) measured along the [HH0] direction.
Note that these profiles are taken by using cold neutrons
with Ei = 5 meV, while the data in Fig. 2 are taken by
using thermal neutrons with Ei = 13.5 meV. We have ob-
served qualitatively similar behavior of the ICD peaks for
all of the samples in regardless of the neutron energy. We
show the data of LSCO x = 0.20 representatively to re-
port the temperature dependences of physical quantities
since the x = 0.20 sample has the lowest Ts among the
samples; hence, we are able to study the ICD peaks up
to reasonably high temperatures with respect to Ts. Fig-
ure 3(a) clearly demonstrates that a commensurate peak
near the transition temperature Ts is replaced by incom-
mensurate diffuse peaks at higher temperatures with an
incommensurability that increases with increasing tem-
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Fig. 3. (a) Temperature variation of the diffuse peak profile mea-
sured at (1/2, 1/2, 4) for La1.8Sr0.2CuO4. The solid lines are fits
to a resolution-convoluted 2D Lorentzian function and adjusted
background levels. (b), (c), and (d) show temperature depen-
dences of the incommensurability δ, the correlation length ξ, and
|F |2(1 + α), respectively, derived from the fitting results. Solid
lines are guides to the eye.
perature.
To draw more details, we analyze the data by fitting
to the resolution-convoluted 2D Lorentzian function de-
scribed in eq. (1). The results of fits are shown by the
solid lines in Fig. 3(a) and the parameters are summa-
rized in Figs. 3(b), 3(c) and 3(d). The incommensura-
bility δ decreases as temperature decreases and reaches
zero near Ts, while the correlation length ξ stays constant
in the incommensurate region and diverges near Ts. The
quantity |F |2(1+α) which corresponds to the summation
of the peak intensities increases gradually as temperature
decreases and shows a rapid increase near Ts. These be-
haviors of the fitting parameters are commonly observed
for all samples. Interestingly, the deconvolution analyses
exhibit a constant correlation length of ∼ 15 A˚ above
Ts for all samples. We show more details of the incom-
mensurability and the integrated intensity later. Also, a
possible microscopic picture of these phenomena is dis-
cussed in the next section.
Kimura et al.16 have reported that the temperature de-
pendences of δ for the LSCO x = 0.12 and 0.18 samples
fall onto an identical line by utilizing a normalized tem-
perature T/Ts. We have tested if this applies to a wider
concentration range. Figure 4(a) shows the temperature
dependence of the incommensurability δ for all samples.
It is found that, particularly by comparison between the
data of x = 0.20 and 0.07, the gradient of the increase of δ
is apparently smaller for samples with higher Ts. Such be-
havior is consistent with the scaling feature of δ by T/Ts.
In fact, δ approximately falls onto a universal curve as a
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Fig. 4. (Color online) Incommensurability δ for all of the present
samples as a function of (a) temperature and (b) normalized
temperature T/Ts. In (b) data of Sr x = 0.12 and 0.18 form
ref. 16, and of x = 0.05 from ref. 17 are also shown.
function of T/Ts as shown in Fig. 4(b). Although, at high
T/Ts(> 1.8), there are discrepancies between the data of
x = 0.125 and 0.20, δ(T/Ts) agrees for the temperature
range of 1 ≤ T/Ts ≤ 1.5. Since the universality holds for
data measured by both thermal and cold neutrons, i.e.
different energy resolutions, we conclude that the ICD
feature is static and intrinsic rather than being caused
by a spurious process, such as detecting phonons at the
edge of resolution ellipsoid.
As reviewed in the introduction, the ICD peaks were
absent for the LSCO x = 0.05 sample.17 For this sample
it has been confirmed that there is a weak commensu-
rate diffuse peak up to 550 K (T/Ts ∼ 1.34). Data for
x = 0.05 are plotted by crosses in Fig. 4(b). Remarkably,
the diffuse peak of the non-superconducting x = 0.05
sample stays commensurate at T/Ts = 1.34 whereas the
present superconducting samples show an incommensu-
rability of 0.06 r.l.u. at the reduced temperature. This
demonstrates that the ICD feature is characteristic to
the superconducting samples.
To test if there is any unusual enhancement of the ICD
peaks at a certain hole concentration, we compared in-
tegrated intensities, which have been derived by fitting
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Fig. 5. (Color online) Normalized integrated intensity
∫
dqS(q)
for all of the present samples as a function of T − Ts. The inset
shows same quantities as a function of temperature.
the profiles to a simple Gaussian function and integrat-
ing the intensity along the [HH0] scan direction. The
derived integrated intensities have been normalized to
sample volume, resolution volume, and structure factors.
Sample volume and resolution volume are determined by
acoustic phonon measurements around (1, 1, 0), while the
structure factor ratio of 1.8 between (3/2, 3/2, 2) and
(1/4, 1/4, 4) is adopted from the data of x = 0.125 in
Figs. 2(b) and 2(c). Note that, although the normaliza-
tion to the resolution volume may have some uncertainty,
each comparison between the samples of x = 0.07 and
0.20, and between the samples of x = 0.125 and 0.15 is
robust since each pair has been measured under an iden-
tical spectrometer configuration, respectively. The nor-
malized integrated intensities,
∫
dqS(q), so-obtained are
summarized in Fig. 5 as a function of T − Ts. The inset
shows the same quantities as a function of temperature.
The excellent agreement of
∫
dqS(q) for all samples indi-
cates that there is no particular enhancement of the ICD
peak at a certain hole concentration.
4. Discussion
We have shown that the hole-doped 214 cuprates have
universal incommensurate diffuse scattering in the HTT
phase. From the comparison to the non-superconducting
x = 0.05 sample in Fig. 4, it is very likely that the
ICD feature is unique to the superconducting samples.
It is also important to study superconducting samples
without structural transition, such as overdoped samples.
Our preliminary measurements of the superconducting
x = 0.25 sample at 12 K appear to exhibit very weak ICD
peaks with δ ∼ 0.1 r.l.u. Thus, we believe that there is a
universal local lattice instability towards the incommen-
surate octahedral tilt distortion in the superconducting
samples. If the system has a structural transition, the
incommensurability is suppressed following the universal
J. Phys. Soc. Jpn. Full Paper Author Name 5
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Fig. 6. (a) CuO6 octahedral tilts in the LTO phase viewed from
the orthorhombic a-axis. (b) An example of modulated tilting
pattern which causes incommensurate peaks. Antiphased tilting
domains are recognized as domain (+) and (-). Depicted modu-
lation period is 10 orthorhombic lattice units giving the incom-
mensurability of 0.10 r.l.u.
curve in Fig. 4 at the temperature range of T/Ts ≤ 1.5.
Bianconi et al.11 hypothesized that a LTT-type local
lattice distortion exists in a stripe form in the LTO back-
ground to explain the incommensurate diffuse scattering
in the LTO phase. A similar explanation appears to be
relevant to the present observations of the ICD peaks in
the HTT phase; that is, LTO-type octahedral tilts re-
main locally in the HTT phase with a one-dimensional
modulation.
As shown in Fig. 1(a), the observed ICD peaks split in
the HHL scattering plane. This means that the modu-
lation vector is parallel to the LTO-type octahedral tilt-
direction. Note that if the modulation vector is perpen-
dicular to the tilting direction, the ICD peaks should split
from the (3/2, 3/2, 2) and (1/2, 1/2, 4) positions along
the perpendicular direction to the scattering plane.
An example of the modulated octahedral tilting pat-
tern that gives the observed incommensurate geometry is
depicted in Fig. 6(b), while Fig. 6(a) shows uniform oc-
tahedral tilts, that give commensurate superlattice peak,
viewed from the direction perpendicular to the tilting di-
rection. The modulation period depicted in Fig. 6(b) is
10 orthorhombic lattice units, consisting of 5-lattice each
of antiphase tilting domains, indicated by domains (+)
and (-), which results in an incommensurability of 0.1
r.l.u. Those domains may form stripes running perpen-
dicular to the tilting direction. Alternatively, a tilting
pattern with a varying tilt-angle instead of the stacking
of antiphase tilting domains gives qualitatively the same
incommensurate geometry. The neutron scattering tech-
nique is, however, unable to distinguish between these
patterns. If we assume a uniform tilt-angle of the octa-
hedra in a single tilting domain as depicted in Fig. 6(b),
the modulation period observed to be more than 50 A˚ is
much longer than the observed correlation length of
∼ 15 A˚. Thus it might be natural to consider a vary-
ing tilt-angle with modulation. Either model, however,
does not affect the present discussions.
From the temperature dependence of the parameters
in Fig. 3, a possible microscopic picture can be suggested
as follows. At very high temperature T/Ts ∼ 2.5, local
lattice distortions of the LTO structure start to appear in
a one-dimensional form aligned parallel to the diagonal
Cu-Cu direction. At this point, each LTO stripe is thin
and close to each other resulting in a small modulation
period and large incommensurability. As the temperature
decreases, the LTO stripes grow thicker by merging with
each other, resulting in larger modulation period and
smaller incommensurability. In this growing process, the
striped phase has a constant correlation length ∼ 15 A˚.
Either by growing the volume of the striped phase or
by enlarging the octahedral tilt-angle, the quantity of
|F |2(1 + α) and integrated intensity increases. Finally,
the modulated phase evolves into a uniform tilt phase,
and the correlation length diverges at Ts.
We note that, with decreasing temperature, the dif-
fuse scattering becomes commensurate at T/Ts ∼ 1.15
whereas the system show the structural phase transi-
tion at the lower temperature T/Ts = 1. The difference
T/Ts = 0.15 corresponds to 10 to 30 K in actual tem-
perature scale depending on Ts. We infer that there is
a crossover from the incommensurate to the commensu-
rate states at T/Ts ∼ 1.15 where the the size of the tilt
domain, i.e., the coherence length of the in-phase tilting,
far exceeds the correlation length scale which is nearly
constant at ∼ 15 A˚. Then the structural phase transition
takes place at lower temperature where the correlation
length diverges.
Although the model of local LTO distortion in a
one-dimensional (stripe) form explains qualitatively the
present observations, a few features still need to be clari-
fied. As mentioned in the previous section, a simple struc-
ture factor calculation can reproduce the ratio of the in-
tegrated intensity between (3/2, 3/2, 2) and (1/2, 1/2,
4). The change of imbalance, however, of the ICD peaks
between these positions cannot be explained by the struc-
ture factor calculations based on the tilting pattern de-
picted in Fig. 6(b). From the structure factor definition,
the imbalance of the ICD peaks, i.e. the dependence of
ICD intensity along the [HH0] direction, should originate
from atomic displacements parallel to the tilting direc-
tions. In the coordinates of the CuO6 octahedral tilts,
only apical oxygen atoms displace towards the tilting di-
rection. However, the structure factors of striped LTO-
type tilts predicts larger ICD intensities at the higher H
position at both (3/2, 3/2, 2) and (1/2, 1/2, 4). Thus, the
unexpected change of imbalance at different zones may
imply additional displacements of in-plane oxygen atoms
along the tilt direction. In this aspect, it is interesting to
note possible correlations between the present ICD fea-
ture and the anomalous softening of Cu-O bond stretch-
ing mode observed by x-ray measurements.24 Both phe-
nomena are observed in the superconducting regime, and,
moreover, the latter feature may cause anomalous dis-
placements of in-plane atoms. More detailed measure-
ments of the local structure are necessary to draw firm
conclusions.
It is still an open question whether such incommen-
surate lattice distortion correlates directly with the for-
mation of the magnetic incommensurate state at much
lower temperatures. Kimura et al.16 have reported that
the incommensurability of the ICD peaks saturates at
about 0.12 r.l.u. at high temperatures which value is close
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to the incommensurability of the magnetic state at low
temperatures and thus they claimed an incipient lattice
distortion starting at high temperatures. Present result
of the incommensurability as a function of T/Ts for a
wide concentration range suggests a gradual increase of
δ rather than saturation at high temperatures. Moreover,
the incommensurate modulation direction of the lattice
distortion in the HTT phase of the present results and
in the LTO phase observed by the x-ray measurements
is consistently parallel to the diagonal Cu-Cu direction
which is 45◦ away from the magnetic incommensurate
modulation direction. Therefore it is unlikely that the
lattice distortion is the direct origin of the charge and
spin stripes.
Although not being the direct origin of the putative
charge and magnetic stripes, the local lattice distortion
can affect the charge stripes as a pinning potential. In
the hole-doped 214 cuprates, magnetic stripe order is
achieved in both a LTO phase and a LTT phase. Neu-
tron scattering measurements report that the magnetic
incommensurate peaks in the reciprocal space form rect-
angles elongated along the orthorhombic b-axis in the
LTO phase,25, 26 while complete squares are observed in
the LTT phase.27, 28 Since the LTT-type distortion pins
the charge stripes more efficiently, entire stripes will be
pinned in the uniform LTT phase, giving a square geom-
etry of the IC peaks. On the other hand, by assuming
a LTT distortion in a stripe form running along the or-
thorhombic b-axis in an LTO background, the vertical
charge stripes are pinned only at the intersections with
the diagonal LTT stripes. In this case, the charge stripes
may order in a smectic form, which results in a rectan-
gular geometry of the IC magnetic peaks. Thus, the hy-
pothesis of the lattice distortion in a stripe form appears
to be consistent with the observations of the magnetic
stripes.
In summary, we have studied incommensurate diffuse
peaks appearing around the LTO superlattice positions
with modulation vector along the diagonal Cu-Cu direc-
tion in the HTT phase of the hole-doped 214 cuprates.
By comparison of the structure factors at different zones,
we conclude that the ICD peaks originate from LTO type
displacements, which suggests that a LTO type local lat-
tice distortion remains in a one-dimensionally modulated
form in the HTT phase.
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